1. Introduction {#sec1}
===============

Autologous [@bib1], allogeneic [@bib2], and artificial bones have been used to reconstruct the craniomaxillofacial bone [@bib3], [@bib4]. Autologous bone is the clinical gold standard and is superior to the other bone types; however, it is invasive because the collection of bone from a healthy region is necessary, and the amount collectable is limited, which is disadvantageous [@bib5]. Allogeneic bone may be used as an alternative, but has not been widely applied in Japan because of cultural and religious differences, the risk of unknown infections and concerns onethical issues, such as corpse trade in other countries [@bib2]. In contrast, artificial bones are not only capable of avoiding the collection of healthy bone, but are also superior to autologous bone grafting in biocompatibility without the risk of unknown viral infection. One of the challenges associated with the application of graft materials is the preparation of an appropriate morphology for reconstruction [@bib5]. Many artificial bones that have been developed to date cannot be freely handed, and thus the difficulties are associated with forming an appropriate shape. Moreover, a sintered ceramic artificial bone cannot be absorbed or replaced by bone because of its high crystallinity, in addition to the disadvantage of shrinking [@bib6]. In order to overcome these issues, we therefore developed a novel full custom-made artificial bone with a shape in cooperation with NEXT21 K.K. and started its clinical application in 2006 [@bib7]. We herein report the treatment long-term outcomes of clinical cases.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Subjects comprised patients who underwent maxillofacial plasty with custom-made artificial bone in an investigator-initiated clinical study (the approval number by the Ethics Committee of the University of Tokyo: 1310) and clinical study (the approval number by the Ethics Committee of the University of Tokyo: 3DB-01/CT-1) between March 2006 and September 2009.

2.2. Preparation of the artificial bone {#sec2.2}
---------------------------------------

An artificial bone model was prepared by building up contrast-enhancing wax in the bone defect or filled region on a 3-dimensional solid model [@bib8]. This solid model was scanned by CT, and the DICOM data was output. Then, the region of designed artificial bone was extracted from CAD data ([Fig. 1](#fig1){ref-type="fig"}). A detailed design was prepared on CAD based on the extracted data of the artificial bone. In the bone-contact region, an inner surface structure advantageous for vascularization was formed with small holes, while holes for fixation were also prepared based on the data. α-tricalcium phosphate (TCP) was used as the base material, and the bone was prepared using the ink-jet powder laminating device, Z406 3D Printer (DICO, USA) [@bib9]. α-TCP has been used because it cures upon addition of water, and is more rapidly replaced by bone tissue than β-TCP ([Fig. 2](#fig2){ref-type="fig"}).Fig. 1(A) An artificial bone with a planned shape was simulated by applying contrast medium-containing wax to the 3-dimensional solid plaster model. (B) The simulated model was imaged using helical CT. (C) CAD data was extracted from the DICOM data of CT.Fig. 1Fig. 2(A) CAD data of an artificial bone. (B) CAD data of an artificial bone was output by a 3-dimensional printer. (C) A fabricated artificial bone.Fig. 2

2.3. Surgical procedures {#sec2.3}
------------------------

Surgery was performed under general anesthesia through an intra- or extraoral approach. A periosteal flap was prepared by subperiosteal dissection, and the recipient bone region was clearly exposed. The prepared custom-made artificial bone was inserted to confirm its fit with the recipient bone and accompanying changes in soft tissue. When fixation of the artificial bone to the recipient bone was necessary, holes for fixation were made using a surgical drill to fix the bones at several sites with polyglycolic acid absorbable sutures (2-0 Vicryl^®^, Johnson & Johnson, USA). The surgical wound was tightly closely by concomitantly applying periosteal sutures in order to prevent postoperative deviation of the artificial bone. When the graft was inserted through the oral cavity, fixation was not always applicable due to a limited surgical field. In such cases, the wound was closed after confirming the absence of mobility of the graft. After surgery, CT was periodically performed in order to evaluate the fit between the artificial and recipient bones.

3. Results {#sec3}
==========

Maxillofacial plasty with custom-made artificial bones was applied to 23 regions in 20 patients during the survey period. There were 14 females and 6 males, and the recipient regions were the maxilla in 3, mandibular ramus in 13, mental region in 7, and frontal bone in 1. Artificial bones were fixed or not to recipient bones in 16 and 7 patients, respectively ([Table 1](#tbl1){ref-type="table"}).Table 1Table 1CaseAge (years)SexDiagnosisImplantation siteFollow-up period (months)Timing of adverse events (months)Fixation126FRight maxillary and mandibular hypoplasiaRight maxilla115−Right mandibule14−255FLeft mandibular deformity after reconstructionLeft mandibule108+341FMicrognathiaChin131+423MRight hemifacial microsomiaRight mandibule14−Chin108−523FLeft hemifacial microsomiaLeft mandibule13−630FRight mandibular deformity after reconstructionRight mandibule102+753FLeft mandibular deformity after reconstructionLeft mandibule101+818FMicrognathiaChin103+938FLeft mandibular hypoplasiaLeft mandibule25−1043FMandibular deformity after traumaChin74+1144MMandibular deformity after reconstructionLeft and Right mandibule1+1226MMicrognathiaChin12+1332FMandibular deformity after reconstructionRight mandibule71+Left mandibule71+1426MRight mandibular hypoplasiaRight mandibule24+1530FRight frontal bone deformity after reconstructionRight frontal bone15−1624MRight hemifacial microsomiaRight mandibule12+1720FRight maxillary deformity after traumaRight maxilla48+1820FTreacher Collins\' syndromeChin68+1939FLeft maxillary deformity after reconstructionLeft maxilla30+2023MMicrognathiaChin13+

Adverse events occurred within 1 year of surgery in 2 patients, and fixation with the recipient bone had been performed in both. In one patient, an umbrella shaft blown by a strong wind hit the graft-recipient mental region and thus the artificial bone was broken. Artificial bone was grafted again, and the recovery was uneventful thereafter. The other patient was an MRSA carrier, and wound infection occurred early after surgery. It rapidly disseminated to the artificial bone, which was ultimately removed. Adverse events occurred after more than one year in 3 patients, with fixation with the recipient bone not being performed applied in 2. On the other patient, the bone moved after more than 5 years and the recipient bone was exposed. In all cases, an ill fit with the recipient bone was noted in images early after surgery. Redness and swelling of the recipient region were observed as early symptoms. The graft was removed, and granulation was noted between the artificial and recipient bones.

3.1. Case {#sec3.1}
---------

### 3.1.1. Case 7 {#sec3.1.1}

A 53-year-old female underwent vascular pedicle fibular bone grafting for reconstruction after surgery for mandibular sarcoma 7 years earlier; however, a facial deformity remained. Although autologous bone grafting and cicatrization were subsequently performed, her outcome was not satisfactory. Our department therefore performed mandibular plasty with a full custom-made artificial bone for the left mandibular concavity ([Fig. 3](#fig3){ref-type="fig"}A, B). A simulation was performed on a 3-dimensional plaster model prepared before surgery, in which deformation of the mandibular ramus was marked and the curvature was complex. In order to improve the fit and disperse stress, a 2-piece custom-made artificial bone was prepared. In surgery, after the recipient region was revealed through an extraoral approach, the artificial bone was inserted, which was then fixed to the recipient bone with absorbable sutures ([Fig. 4](#fig4){ref-type="fig"}A, B). Facial morphology improved after surgery, and the patient was satisfied. New bone formation was observed between the recipient and artificial bones including the hole prepared on the inner surface of the artificial bone on CT ([Fig. 5](#fig5){ref-type="fig"}A, B). As of 8 years and 5 months after surgery, her postoperative course has been favorable.Fig. 3(A) Preoperative frontal view. A concave deformity was noted in the left mandibular body. (B) Preoperative 3-dimensional CT.Fig. 3Fig. 4(A) Intraoperative findings. The artificial bone was fixed to the recipient bone with absorbable sutures. (B) Postoperative 3-dimensional CT.Fig. 4Fig. 5Outcomes 2 years after surgery. (A) Facial photograph. (B) 3-dimensional CT.Fig. 5

### 3.1.2. Case 8 {#sec3.1.2}

A 23-year-old female underwent osteotomy of the upper and lower jaw bones for a jaw deformity. Although the occlusal relationship was improved, the patient sensed retrogression of the mental region and requested its improvement, for which reconstruction with a full custom-made artificial bone was performed ([Fig. 6](#fig6){ref-type="fig"}A, B). A custom-made artificial bone was fabricated, the recipient bone was exposed through an intraoral incision, and the fit of the artificial bone and morphological changes in soft tissue were confirmed. Holes were made in the recipient bone using a surgical bar, and the artificial bone was fixed to the recipient bone using 2-0 Vicryl^®^ (Johnson & Johnson K.K, Tokyo) in order to stabilize it ([Fig. 7](#fig7){ref-type="fig"}A, B). The CT images at 8 years after surgery showed that the artificial bone had completely fused with the recipient bone, and the mental morphology was also stabilized ([Fig. 8](#fig8){ref-type="fig"}A--B).Fig. 6Mental plasty case. (A) Retrogression of the mental region was observed in a preoperative photograph of the lateral face. (B) Cephalometric radiography (lateral view).Fig. 6Fig. 7Intraoperative photograph. (A) The artificial bone was fixed to the recipient bone with absorbable sutures. (B) Postoperative cephalometric radiogram.Fig. 7Fig. 8(A) Facial outcomes at 8 years after surgery. (B) 3-dimensional CT.Fig. 8

### 3.1.3. Case 13 {#sec3.1.3}

A 32-year-old female underwent temporomandibular joint mobilization at 6 and 18 years old in order to treat bilateral temporomandibular joint ankyloses, and bilateral mandibular distraction at 22 years old. Mental plasty was performed when the patient was 30 years old; however, she noted concaved bilateral mandibular bodies, and visited our department for its improvement. A close examination before surgery showed bone concavities in the distracted regions, for which mandibular plasty with full custom-made artificial bones was performed. Artificial bones were fabricated for the bilateral sides on a surgical simulation. Surgery was performed under general anesthesia through an extraoral incision. After inserting and confirming the fit, the artificial bones were fixed by sutures with absorbable 2-0 Vicryl^®^. Her postoperative course was favorable, and the balance of facial morphology was improved ([Fig. 9](#fig9){ref-type="fig"}A, B). However, acute apical periodontitis of the left molar developed 3 months after surgery, and a fistula formed in the gingiva. The fistula was resected, granulation tissue was curetted, the root canal was simultaneously treated, and the fistula was resolved. On imaging, the fit with the recipient bone was slightly unfavorable on the left side. The periodontal tissue condition became stabilized, and no issues with facial morphology were noted. CT images of 5 years after surgery showed the favorable fusion of the graft with the recipient bone on the right side; however, the fit on the left side was still slightly unfavorable. Since there were no subjective or objective symptoms at that time, course observations were selected ([Fig. 9](#fig9){ref-type="fig"}A--B). However, redness and swelling became apparent in the left mandibular body region approximately 6 years after surgery. As CT indicated that the artificial bone had been detached, it was removed ([Fig. 10](#fig10){ref-type="fig"}A--B).Fig. 9(A) Facial outcomes at 5 years after surgery. (B) CT. The arrow indicates grafted artificial bones. The fit of the left artificial bone was not as favorable as that on the right side; however, no abnormal finding was noted in the skin or oral cavity.Fig. 9Fig. 10(A) A fistula appeared in the skin at 5 years and 11 months after surgery. (B) CT showed that the artificial bone had completely detached from the recipient bone (arrow).Fig. 10

4. Discussion {#sec4}
=============

Reconstruction with hard tissue is useful for treating bone defects in the craniomaxillofacial region [@bib10]. Invasiveness cannot be avoided in reconstructions with autologous bones because they require the excision and collection of healthy bone [@bib11]. A vascular pedicle bone flap is needed for a large bone defect, which requires not only microvascular anastomosis, but also modifications to the morphology of the graft bone in order for it to fit the recipient region [@bib12], [@bib13], thereby necessitating a prolonged operative time and skilled techniques. In reconstructions with allogeneic bones, in addition to the risk of unknown viral infections and associated ethical issues, modifications to the bone morphology are needed in order for it to fit to the recipient region. The advantages of artificial bones are as follows: they do not require the excision and collection of a bone graft, they have good biocompatibility, and it involves a simple and straightforward surgical procedure [@bib14], [@bib15]. Artificial bones currently applied worldwide are roughly divided into hydroxyapatite (HA) [@bib16], α-TCP and β-TCP [@bib17]. Each has its own unique characteristics, and is clinically applied based on the bone defect region [@bib18], [@bib19]. HA artificial bones induce new bone formation in pores by introducing collagen tissue for bone formation, and are characterized by strong affinity to biological tissues and a direct union with bone tissue [@bib20], [@bib21]. The mechanical strength of HA artificial bones is also comparable to that of human bones, and they are widely applied clinically to fill defects. Products in porous block, granular, and paste forms have been commercialized [@bib22]. However, HA is unlikely to be absorbed and remains in a stable state because of its high crystallinity, i.e., HA processed by heating at a high temperature to high crystallinity is a biologically non-absorbable material [@bib23]. TCP is absorbed and replaced by bone in the process of bone repair, while it is also superior in tissue affinity, exhibiting osseous conductivity [@bib24]. Regarding the mechanism of new bone formation, TCP is gradually converted to hydroxyapatite in the body, its replacement with new bone by osteoblasts progresses simultaneously with artificial bone resorption [@bib25]. Both types of TCP (α and β) have superior osseous conductivity and biocompatibility and are ultimately replaced by bone [@bib26], [@bib27].

The main ingredient of the artificial bone in the present study was α-TCP powder, which reacted with the curing solution to form unsintered cured TCP. Therefore, it is not only as biocompatible as HA, but is also replaced and absorbed in the body [@bib28], [@bib29], suggesting that grafted artificial bones can be replaced by bone in a long term.

Although the strength is inferior to sintered artificial bone, it is higher than 20 Mp, considered to be sufficient for facial bones. However, our artificial bone may not tolerate high weight-bearing sites such as the spine and crus.

In the 19 regions with stable postoperative courses, new bone formation was noted at the boundary between the grafted and recipient bones on CT images at 3--6 months after surgery. In patients who were followed-up for a longer period of time, new bone was formed near the grafted artificial bone and eventually surrounded the artificial bone, showing a characteristic imaging finding. This artificial bone may be characterized by a bone union pattern that differs from that of hydroxyapatite, which has been clinically applied, in addition to high biocompatibility. In patients in whom the artificial bone was detached or removed, a space was present between the recipient and artificial bones immediately after surgery, suggesting an ill fit as the cause of unfavorable outcomes. Even if conformity is good, from the result of this study, the fixation has the need to perform by all means in art. The fit of the artificial bone with the recipient bone in the early phase may be important for successful grafting, even for full custom-made artificial bones. In the patient whose graft was removed after 6 years, odontogenic infection was present around the grafted artificial bone, which may have disseminated to the artificial bone. Therefore, a preoperative close examination of periodontal tissue is necessary in such cases. The patient who developed an infection early after surgery was an MRSA carrier. Since MRSA was detected in the wound, it might have disseminated to the artificial bone, making it difficult to controlling the infection. Reconstructions with artificial bones are considered to be difficult in MRSA carriers, and thus they should be excluded from the indication.

We established a minimally-invasive method of reconstruction with full custom-made artificial bones that did not require modifications. These grafts were stable for a prolonged period of time and no serious adverse events occurred, thereby confirming their safety. However, even though they were custom-made, their fit to recipient bones was important. In the investigation of the long-time follow up, the need to fix an artificial bone and a recipient bone was suggested. When the fit between recipient and artificial bones is unfavorable, strict course observations may be necessary. The preparation of more precise custom-made artificial bones and development of bioactive custom-made artificial bones supplemented with growth factors are expected in order to achieve earlier and more reliable fusion with recipient bones.

5. Conclusions {#sec5}
==============

We herein reconstructed facial bones with full-custom-made artificial bones made of α-TCP employing a minimally-invasive method that does not require the excision of healthy bone, and obtained favorable long-term outcomes.

This study was performed in cooperation with NEXT21 K.K. after approval by the University of Tokyo Faculty of Medicine Ethics Committee as an investigator-initiated clinical study (approval number: 1310) and clinical study (approval number: 3DB-01/CT-1).
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